We have performed a large-scale analysis of amino acid sequence evolution following gene duplication by comparing evolution after gene duplication to evolution following speciation in over 1,800 phylogenetic trees constructed from manually curated alignments of protein domains downloaded from the PFAM database. The site-specific rate of evolution is significantly altered by gene duplication. A significant increase in the proportion of amino acid substitutions at constrained (slowly evolving) sites after duplication was observed. An increase in the proportion of replacements at normally constrained amino acid sites could result from relaxation of purifying selective pressure.
rate of evolution is significantly altered by gene duplication. A significant increase in the proportion of amino acid substitutions at constrained (slowly evolving) sites after duplication was observed. An increase in the proportion of replacements at normally constrained amino acid sites could result from relaxation of purifying selective pressure.
However, the proportion of amino acid replacements involving radical changes in amino acid properties following duplication does not appear to be significantly increased by relaxed selective pressure. The increased proportion of replacements at constrained sites was observed over a relatively large range of protein change (up to 25% amino acid replacements per site). These findings have implications for our understanding of the nature of evolution following duplication and may help to shed light on the evolution of novel protein functions through gene duplication.
INTRODUCTION
The duplication of protein-coding genes can increase the number of different proteins encoded within a genome, and has been proposed as a major source of evolutionary novelty and increased complexity [1] [2] [3] . After gene duplication one copy may be silenced by a deleterious mutation, and it will then degenerate and ultimately disappear through further mutations, in the absence of any selective constraint maintaining it within the genome. Alternatively, both copies may acquire mutually complementary degenerative mutations that require the maintenance of both copies [4] .
Thirdly, a novel function may evolve in one copy that increases the adaptive fitness of the genome relative to the original genome that only had one copy of the gene. This latter process is of most interest from the perspective of understanding how gene duplication contributes to the phenotypic evolution of novel functions. A survey of completed eukaryotic genomes by Lynch and Conery [5] suggests that detectable gene duplication is fairly frequent in many organisms (0.01 per gene per million years), but that after gene duplication there is a high rate of silencing (half life of 4 million years, after about 0.05 changes per silent site) Kondrashev et al. also confirmed the expectation [6] that recently duplicated genes go through a period of low selective constraint on the protein sequence, since the ratio of replacement to silent DNA changes in recently duplicated paralogous pairs is greater than the equivalent ratio for orthologues. However, the authors pointed out that such data could be biased by multiple substitutions per site. Patterns of DNA change are therefore only likely to be informative about the period immediately after gene duplication. Since most recently diverged duplicates are likely to be lost, they are not representative of the duplicated genes which are maintained for long periods within the genome, and which may well confer phenotypic differences and functional advantages. In this study we investigated the pattern of protein sequence change after gene duplication over a wider range of evolutionary distance, and contrasted it with the pattern in evolutionary branches that do not follow gene duplication. Previous specific studies of lysozyme [7, 8] , haemoglobin [9] and integrins [10] are consistent with the theory that adaptation to novel functions gives rise to changes at otherwise constrained (slower-evolving) residues. Our large survey over many protein families supports this theory, suggesting that altered sitespecific replacement rates are a general phenomenon after duplication.
DATA AND METHODS
Data was derived from "Seed" alignments of PFAM protein domain families [11] , downloaded from the Pfam website (http://www.sanger.ac.uk/Software/Pfam/) on 17/8/00. Only "seed" alignments were used to maximise alignment quality. After a number of families for which it was not possible to perform ancestral reconstructions in a reasonable amount of time were omitted, the remaining 1821 families were analysed.
Phylogenetic tree and ancestral node reconstruction
We performed a large scale comparison at the amino acid level between evolutionary patterns following duplication and speciation events. Phylogenetic trees were constructed automatically from 1821 Pfam protein domain "seed" alignments using ClustalW [12] software, which created neighbour-joining trees allowing for multiple amino acid replacements. Trees were rooted using Retree from the phylip package [13] . Because the trees were constructed and rooted automatically some errors in topology and direction of evolution are expected. While such errors introduce noise into the dataset, they should not be biased with regard to definitions of speciation and duplication branches. Ancestral states of sequences were determined for each internal node of each tree using software from the Paml [14] package.
Defining post-duplication branches
If you were to start out with a tree with only proteins from one organism it would only have duplication nodes and branches. If you now introduce additional species the effect would be like "randomly" introducing additional speciation nodes along these branches. Evolution after the speciation nodes should be the same as evolution at random points along the original duplication branches. The speciation nodes may be taken to reflect random samples from somewhere along the original duplication branches.
Each branch of the tree was classified as being after gene duplication or after speciation, and the nature of the evolutionary changes between the node sequences at the beginning and end of the branch was analysed (Fig. 1) . Duplication nodes, and the subsequent "duplication branches", were defined as all those nodes whose two descendent branches were ancestral to members of the same species. All other nodes were considered to be non-duplication, or "speciation" nodes. When the tree topology is correct, nodes arising through gene duplication should be identified correctly, although nodes may sometimes be incorrectly identified as speciation nodes, when paralogues descended from them have not been identified, or have been lost through deletion.
Misclassification reduces the differences observed between post-duplication and postspeciation branches, so that the true differences are probably greater than the observed difference. A total of 35,500 speciation and 14,377 duplication branches were assessed.
Radical amino acid changes
Amino acid changes for which there were three or more property changes among ten physico-chemical properties [15] were classified as radical. The ratio of radical to non-radical amino acid changes rad was measured and compared for duplication and speciation branches at different ranges of branch lengths.
Constrained sites
Sequence positions for which there was evidence (at the 90% significance level) that the position was evolving at a slower rate than the sequence as a whole (i.e. r i < 1, see below) were classified as constrained sites (on average 23% of sequence positions). The determination of whether a residue was significantly slower evolving than the sequence as a whole was based on the following approach. The probability of a given amino acid substitution at a given residue position in a branch is described by the PAM matrix [16] equivalent to L r i , where L is the actual PAM length of the branch, and r i is the relative rate of evolution at position i (PAM=10 is equivalent to 10 replacements per 100 sites). The accuracy of the estimate of r i depends on the number of branches, on the lengths of the branches, and on the number of residues in the protein. We generated a confidence interval for the rate r i allowing for different amounts of information concerning r i in branches of different lengths. From Bayes' Theorem,
Where P(B | r i = r) is the likelihood of generating the observed amino acid substitutions at position i in the set of branches B if r i = r and P(r i = r) is the prior probability of the rate r. The prior probability distribution describes the variation in the rate of evolution among sites. We use the gamma distribution (with α=β) [17, 18] and use the reciprocal of the variance of the number of amino acid replacements at each position across the complete alignment for the parameter α. Integrating this probability distribution provides estimates of the upper and lower bounds of r i , lying at the 10% and 90% points on the cumulative distribution. If a replacement has occurred at position i then the upper bound of r i is used to produce a conservative estimate of the likelihood of the mutation.
If no mutation has occurred at position i, then the lower bound of r i is used.
Branches with unusually high numbers of constrained site changes
Assuming a binomial distribution for replacements at constrained and unconstrained sites on a branch, the probability of the observed or a greater number of replacements at constrained sites occurring on a branch was calculated as
where x is the proportion of all replacements at all branches in the alignment that occur at constrained sites; n is the number of replacements occurring in the branch, and r is the number of replacements occurring at constrained sites in the branch. Small values of this probability indicate that the rate of evolution at constrained sites exceeds expectation. The expression should be approximately correct provided s and sx are large compared to n, where s is the total number of sites. Otherwise the above expression will tend to overestimate p and thus provide a conservative statistic.
Error bars for the figures were calculated by the bootstrap method [19] : the datasets were sampled randomly, with replacement, 1000 times and 2.5% tails of the distribution were used to produce the error-bars for Fig. 2 .
RESULTS
We tested whether the kinds of changes occurring after duplication tended more towards "radical" amino acid replacements between residues of very different physico-chemical properties. The strongest effect was seen for branches of PAM 6-10, with a very slight excess of radical mutations in duplication branches (rad=0.225, see Methods) compared to post-speciation branches (rad=0.219), but this was not significant. Therefore, the occurrence of changes (see below), rather than the nature of the amino acid changes, may be the most important distinguishing feature of protein evolution after duplication.
We tested whether there was a greater tendency for replacements at constrained sites following duplication. "Constrained sites" were defined as those with a significantly slower than average rate of evolution. For a given branch, b is defined as the ratio of the number of replacements per constrained site to the number of replacements per site. On average nodes preceding gene duplications occur earlier in the phylogenetic trees than speciation nodes. To test that this did not introduce bias, we compared post duplication and post-speciation branches in bins of evolutionary depth. Evolutionary depth was approximated as the average PAM length between the node and its descendent terminal nodes. While the ratio of replacements at constrained sites increases with evolutionary depth, the difference between post-duplication branches and post-speciation branches remained significant (Fig. 3) . The increase in constrained site change with evolutionary depth could reflect long-term selection for diversity of protein function, or gradual changes in the set of residues that is constrained [20] .
The 50 protein families containing the post-duplication branches with the lowest p-values (see methods) are shown in Fig 4. A wide range of protein functions is represented in the 50 post-duplication branches for which there was the greatest excess of constrained site changes, as indicated by the lowest probabilities (Fig. 4a) . The functional categories of the unusual vertebrate post-duplication branches were not significantly different from those post-speciation (p=0.08, Fisher's exact test); neither was there a significant difference between post-duplication and post-speciation categories for the overall dataset (Fig 4a, p=0.09) . Thus, excess change at constrained sites after duplication is a general phenomenon, distributed across a broad functional range of proteins.
There are a number of technical limitations with the approach we adopted which future studies may redress with sets of larger, but reliable, alignments. While alignment error is a source of noise, in our analysis the fact that we only compared branches of the same length probably prevents bias. It will be of interest to apply the method used here within a dataset of DNA alignments, to allow direct comparison of synonymous and non-synonymous rates of substitution for gene families for which large numbers of closely related sequences are available [21] .
DISCUSSION
Gene duplication is a widespread phenomenon that occurs with high frequency in the genomes of most organisms [5] . Following gene duplication functional redundancy may be resolved quickly through the rapid loss of one member of the duplicated pair.
Alternatively redundancy may be resolved through the evolution of novel functionality or specificity. It is not clear how rapidly the expression or function of duplicated genes diverges after duplication so that there is selective pressure to maintain both copies.
Gene loss after duplication typically occurs rapidly (half-life of 4 million years [5] .
Therefore, if novel functionality determines the fate of duplicated genes, the evolution of novel function must take place soon after duplication.
It is also possible, that functional redundancy is maintained for a long time after duplication for a subset of duplicated genes [22] , [23, 24] . Because these genes are maintained in duplicate over much longer times than most gene pairs the opportunity for evolution of novel function in these genes is much greater than for most duplicated gene pairs. If this is the case then the establishment of long-term redundancy or near-redundancy may be frequent after gene duplication and the raw material for the evolution of novel function may be long-term functionally redundant gene-pairs rather than the more common short-lived duplicated gene-pairs. Changes in amino acid sequences with divergence times far in excess of the half-life that has been estimated for duplicate genes [5] are thus likely to be relevant to the fate of duplicated genes.
Previous investigations [5, 6] replacements should increase. Maintenance of functional redundancy will require that replacements that completely alter or destroy the protein function continue to be selected against. As a result we might not expect the increase in slightly deleterious replacements to be accompanied by an increase in replacements at highly constrained sites and the proportion of potentially function-altering replacements should not increase after duplication. We have found evidence that there is an increase in the proportion of amino acid replacements at amino acid sites that are normally constrained following duplication. We argue that amino acid replacements at constrained sites are indicative of changes in protein function and suggest that an increased level of functional change after gene duplication is a general phenomenon that can be observed as an increased relative rate of replacement at constrained sites.
Constrained sites reflect the action of purifying selection against amino acid changes which can alter the properties of a protein in such a way as to prevent it from carrying out its function effectively. We have interpreted the increase in the rate of replacement at constrained sites as evidence of greater functional change after duplication than after speciation. This interpretation is reasonable provided that change in protein function is used in a broad sense to include the non-functioning, impaired function or reduced functioning of one or both of the gene duplicates as well as the evolution of a novel function. While a change in the functioning of a duplicated gene, is not in itself sufficient to prove that a novel protein function has evolved, over large time-scales, the probability that both copies of the gene will be maintained will be increased for proteins that have evolved novel functions or specificities. The function change could also be temporary. For example, a change that reduces the fitness of one duplicate could allow a protein to move between distinct fitness peaks during a period of relaxed selection post-duplication, followed by increased selection.
A change in protein function may, in some cases, be caused by a set of amino acid replacements at normally constrained sites. Shortly after duplication the preduplication site-specific rates can be restored. This has been referred to as type II functional divergence [28] . Alternatively a change in protein function may change the site-specific rates of replacement permanently, so that the constrained sites following the duplication are different to the constrained sites before duplication. This kind of functional divergence has been termed type I [28] ). While the method we have used to analyse functional divergence after duplication is more suited to the detection of type II divergence it should also be possible to detect divergence of type I in many cases. We have identified constrained amino acid sites based on the set of replacements that have been observed across an entire protein family. Type II functional divergence is associated with an increase in the proportion of amino acid replacements at sites that are constrained throughout the whole family. Type I divergence may alter the set of sites that are constrained. Provided the total length of branches following the duplication is significantly less than the remaining length of the tree the constrained sites will be determined largely by remaining branches of the tree. An altered rate of replacement after duplication may then cause an elevation in the proportion of replacements at constrained sites.
Previous codon-based comparisons of non-synonymous changes per nonsynonymous site (d N ) to synonymous changes per synonymous site (d S ) point to a period of relaxed selection immediately after gene duplication [5, 6] . Our results show no increase in the proportion of replacements at constrained sites on short branches immediately after gene duplication. There are several possible explanations for this.
The accuracy with which phylogenetic relationships involving short branches can be inferred is lower than for longer branches. This will impact on the accuracy with which we have labeled nodes as being derived either from duplication or speciation as well as the amino acid replacements associated with the branch. It is also the case that protein pairs immediately after duplication are more likely to be functionally redundant. 
